Thermally activated tritium atoms were used to probe the surface topography of the coat protein of potato virus X (PVX) potexvirus. The accessibility profile of amino acid residues in the polypeptide chain was determined from data on the intramolecular distribution of tritium label in the PVX coat protein. Tryptic peptides T1 and T2, as well as parts of peptides T3 and T5, from the PVX particles were all located in the Nterminal region of the PVX coat protein and were accessible to tritium labelling, whereas the C-terminal region of the coat protein was practically inaccessible to it. Indirect ELISA and immunoblotting with two PVXspecific monoclonal antibodies confirmed that the N terminus of the coat protein (residues 1 to 56) was exposed on the virus surface, and furthermore that this region forms a highly immunogenic virus-specific antigenic region. The data obtained support the spatial model of PVX, in which the N-terminal amino acids of the coat protein are exposed at the particle surface, and the C-terminal region is buried in the particle. The spatial organization of the PVX coat proteins differs from the model proposed for other filamentous plant viruses such as potyviruses and tobamoviruses where both the N and C termini of the coat protein are located at the particles' surface.
Introduction
Recently, the method of tritium planigraphy has been used to study the label-accessible surface topography and the spacial organization of biological macromolecules and supramolecular systems (Alyonycheva et al., 1987; Filatov et al., 1987; Goldanskii et al., 1988; Jusupov & Spirin, 1986; Neiman et al., 1986) . The method is based on the high reactivity of tritium atoms produced by thermal dissociation of tritium molecules on a tungsten filament heated to 2000 K (Goldanskii et al., 1988) . After bombardment of a biological sample with hot tritium atoms the intramolecular distribution of the tritium label is analysed by standard protein chemistry methods. Since the range of reactive tritium atoms in a condensed medium, to which a protein macromolecule may be linked, is short, i.e. 0-3 nm, the hot tritium atoms label the surface of the macromolecular structure. Of crucial importance is the fact that in addition to the tritium exchange at labile bonds (O-T, S-T and N-T), the exchange also occurs at informational C-H bonds, which are very stable (Goldanskii et al., 1988) . This method has been applied recently in the determination of the labelaccessible surface of tobacco mosaic virus (TMV) particles (Goldanskii et al., 1988) . The results showed that the method of bombardment with hot tritium atoms might be used to study complex biological entities such as viruses. In this paper, we describe the determination of the topography of the label-accessible surface of the potato virus X (PVX) coat protein in the virus particle by two different methods: thermally activated tritium atoms and PVX-specific monoclonal antibodies (MAbs).
PVX was chosen for several reasons. Firstly, it is the type member of the potexvirus group, a rod-shaped filamentous virus with world-wide distribution in all potato-growing countries. PVX can be easily purified in large quantities and is therefore a suitable model for physicochemical studies. Secondly, the nucleotide sequence of the PVX genome, which consists of one positive-sense, ssRNA molecule, has been reported for several PVX strains (Skryabin et al., 1988; Huisman et al., 1988; Orman et al., 1990) . However, little is known of the conformation of the coat protein subunits, and their packaging arrangement in the virion. Thirdly,' our work 0001-0515 © 1992 SGM
• on PVX was also stimulated by a discrepancy between our previous data on the antigenic structure of PVX (S6ber et al., 1988; Radavsky et al., 1988 Radavsky et al., , 1989 and the data of Sawyer et al. (1987) . Our results indicated that only the N-terminal region of the coat protein was located at the particle surface. In contrast, a potexvirus secondary structure model proposed by Sawyer et al. (1987) and another model proposed on the basis of the structural analogy with filamentous potyviruses and tobamoviruses (Shukla et al., 1988) indicated that the Nand C-terminal regions of the PVX coat protein were located on the surface. We attempted to clarify the situation by using bombardment of PVX particles with hot tritium atoms. In this report, we show that the hot tritium atoms label only the N-terminal region of the PVX coat protein. In addition, the results from MAb binding to PVX confirm these findings.
Methods
Reagents. Trypsin (Worthington), protease V8 from Staphylococcus aureus (Pierce Chemicals), N-methylmorpholine (Fluka) were used in the work. Reagents for preparing gels were from Bio-Rad. All other reagents were of analytical grade.
Virus preparations. Purified preparations of PVX (the wild-type Russian strain) were kindly provided by Professor J. G. Atabekov and Dr E. N. Dobrov (Moscow State University). Virus concentrations were estimated spectrophotometrically [absorbance (A) (0.01%) at 260 nm is 2.9]. Ultraviolet (u.v.) spectroscopy of the tritium-labelled and control PVX samples were performed on a Hitachi-124 spectrophotometer (Japan) within a 230 to 350 nm wavelength range. Sedimentation coefficients were determined on a Beckman centrifuge (model E) at 20 000 g, using a u.v. scanning system. Detection was carried out at 280 nm at 1 rain intervals. Sedimentation coefficients of the virus preparations were 140S to 150S.
PVX tritium bombardment. The 3H label was introduced by means of bombardment with a beam of tritium atoms heated to a temperature of 2000 K as described earlier (Gedrovich et al., 1984) . Briefly, the tritium bombardment is carried out in a small vacuum-proof glass vessel, where the virus sample is at one end of the vessel and the tungsten filament, which is heated to 2000 K, at the other end of the vessel. PVX suspensions (2 to 4 mg/ml) in a volume of 2 to 3 ml in 0.05 M-sodium phosphate buffer pH 7.5, were sprayed as a thin film on the liquid nitrogen-precooled inner surface of the vessel. Liquid nitrogen (77K) was also used for cooling the vessel during the process of irradiation. Labelling conditions: fourfold fill of the glass vessel containing the PVX sample with T2 (tritium gas) up to a pressure of 1.1 x 10 -2 to 1.5 x 10 -2 torr; three 30 s exposures.
Isolation of the labelled P VX coat protein.
Isolation of the protein from labelled PVX was performed by the method described by Goodman (1975) . Sedimentation coeffÉcients were determined in 1 mM-Tris-HC1 pH 7.5 at 20 °C on a Beckman centrifuge (model E) at 60000 g. Detection was carried out at 280 nm. The homogeneity of the labelled protein samples was checked by electrophoresis according to the method of Laemmli (1970) by gradient SDS-PAGE (7.5 to 20% w/v).
Enzymic hydrolysis of the labelled PVX protein.
Tryptic hydrolysis of the protein was carried out at an enzyme : substrate ratio of 1 : 50 for 30 min at 37 °C in 0.1 M-N-methylmorpholine acetate buffer pH 8.0 in the presence of 0.5 ktM-2-mercaptoethanol. S. aureus protease V8 hydrolysis of the protein was performed at an enzyme :substrate ratio of I : 100, at 37 °C in the same buffer for 1.5 h.
Fractionation of peptides. HPLC of enzyme hydrolysates was performed by using a Beckman 344 chromatographic system combined with a Gilson 201 fraction collector on an Ultrasphereoctyl column (5 rtm), 15 x 0.46 cm. Eluants were: A, 2.5% 2-propanol, 0-2% trifluoroacetic acid, 0.1% triethylamine; B, 50% 2-propanol, 0.2% trifluoroacetic acid, 0.1% triethylamine. Elution was performed with the aid of a linear gradient (up to 60% B) for 1 h, at a elution rate of 0.75 ml/min. Detection was performed at 210 and 280 nm, and the elution temperature was 45 °C.
Amino acid analysis. Amino acid analysis of the labelled peptides was done in a Hitachi 835 analyser according to the method described by Goldanskii et al. (1988) . Radioactivity of the fractions was counted on a Delta-300 fl-spectrometer (Tracor Analytic) in a dioxane-based liquid scintillation cocktail. The ultimate results of the experiment were values for amino acid specific activities obtained by referring radioactivity to the yield according to amino acid analysis data.
Immunoassays. In this work we used two PVX-specific MAbs, 21XD2 and 23XA5, described by us earlier (S6ber et al., 1988) . Immunoblotting experiments were carried out according to previously described methods (S6ber et al., 1988; Radavsky et al., 1988) . Indirect ELISA was carried out as described with the following modifications. The immunoplates (Dynatech) were coated with 100 ~tl of PVX suspension or PVX coat protein fragments in 0.05 M-NaHCO 3 buffer pH 9.6 for 16 h at 4 °C. The plates were washed twice with PBS and blocked with Tris-HCl pH 7-7, containing 0.14 MNaCI, 0.1% gelatin and 0.01% Tween 40 (TBS-TG). Washing of the plates, reaction with PVX MAbs 21XD2 and 23XA5 (5 ~tg/ml) and reaction with horseradish peroxidase-conjugated anti-mouse antibodies (Sigma) (2 ~tg/ml) were performed in TBS-TG buffer. Absorbances were measured at 414 nm on a Titertek Multiskan MC photometer (Flow Laboratories) 20 rain after addition of the substrate.
Results

Analysis of labelled P VX preparation
Ultraviolet light spectra and the correlation of absorption maxima at 260 and 280 nm, as well as the sedimentation coefficients (140S to 150S) of the control and hot tritium-labelled PVX samples were identical. The protein isolated from the labelled PVX according to its sedimentation coefficient (2.35S), electrophoresis in 10 % SDS-PAGE and amino acid analysis were identical with the control protein sample. Furthermore, viral RNA from the labelled PVX samples had the same apparent electrophoretic mobility as the control RNA.
Analysis of P VX coat protein peptides
In Fig. 1 • --T4-- However, we could obtain only 13 peptides, representing approximately 95 Yo of the coat protein sequence. We detected no cleavage at Lys (153)-Pro (154) and Arg (181)-Pro (182) probably because of steric hindrances caused by the proline residue in the vicinity. Moreover we could not detect five di-and tripeptides (T4, T7, T14, T 15 and T 17) lost during HPLC. Analysis of peptide T3, according to the method described by Tarr (1986) , showed some difference from the PVX coat protein sequence data of Morozov et al. (1983) . According to our results, the amino acids at positions 46 and 64 of peptide T3 are isoleucines and not valines. S. aureus protease V8 hydrolysis of the PVX coat protein allowed us to identify eight peptides: six long (V8-1, V8-4, V8-5, V8-6, V8-7, V8-10) and two short peptides (V8-8 and V8-11) (Fig. 1) .
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Intramolecular distribution of the tritium label in the P VX protein
Amino acid analysis of the tritium-labelled peptides and the corresponding radioactivity count data allowed us to identify the particular peptides labelled, and measure the specific labelling values of individual amino acids. Fig. 2 shows the tritium accessibility profile for the amino acid residues in the PVX coat protein polypeptide chain. This profile was obtained from data on specific radioactivity of amino acids. The accessibility profile of the amino acids demonstrate that the N-terminal part of the PVX coat protein (the first 19 amino acid residues of the tryptic peptide T1) is the most accessible region for hot tritium labelling. The label was also in peptide T2 (residues 20 to 44) as well as in peptides T3, T5 and T12, although in smaller amounts. Almost no labelling was detected in peptides T6, T8, T9, T10, Tll, T13, T16 and T18 (Fig. 2 ). As mentioned above we were unable to identify the short peptides T4, T7, T14, T15 and T17 (Fig. 1) . However, we found several single amino acids labelled with 3H at amino acids: Thr (54) in peptide T3, Thr (72) and Thr (74) in peptide T5, Thr (134) in peptide Tll and Thr (168) in peptide T12 (Fig. 2) .
Interaction of the MAbs 21XD2 and 21XA5 with peptides of the PVX coat protein
To identify the epitopes recognized by PVX MAbs, the PVX coat protein was digested with trypsin and S. aureus V8 protease. None of the trypsin cleavage products was recognized with MAbs 21XD2 and 23XA5 in indirect ELISA or immunoblotting experiments (data not shown). The results of the indirect ELISA with S. aureus V8-digested peptides of the PVX coat protein showed that both MAbs react only with fraction V8-1 (Table 1) . N terminus analysis and amino acid analysis showed that this peptide is the 56 amino acid long aminoterminal peptide of the PVX coat protein ( Fig. 1 and Table 1 ). MAbs 21XD2 and 23XA5 did not react with the products of trypsin treatment of fragment 1-56 (Table 1) .
Discussion
The accessible surface area, one of the most important structural characteristics of biological macromolecules, can be studied by several methods. High-resolution Xray analysis is one of the most powerful methods to draw the contour maps of the protein surfaces, but very often technical and economic considerations make this technique one of the most difficult. Antigenic analysis with MAbs is an alternative method, but even their Fab fragments are relatively large to recognize all open regions of the virus particles and the method itself is time-consuming. To study the topography of the proteinaccessible surface of PVX we have used the method of thermally activated tritium atoms. This is a relatively simple method and its potential use for studying the topography of protein surfaces is described in a review (Neiman et al., 1985) . Furthermore, this method has been used successfully for determining TMV proteinaccessible surface (Goldanskii et al., 1988) . Analysis of the intramolecular distribution of the tritium label in virus particles allows us to identify amino acid residues exposed at the surface, and this adds to our understanding of the main features of viral coat architecture. However despite the relative ease of the tritium bombardment method, there are also several drawbacks and difficulties. Firstly, the labile tritium-caused radioactivity levels (bonds O-T, N-T and S-T) are one to two orders of magnitude higher than the informational label bonds (C-T). This problem, however, can be overcome during splitting of the protein into peptides and amino acids, required for the analysis of label distribution. This procedure solves the problem, since under the conditions of acid hydrolysis and subsequent analysis the labile tritium is fully evaporated (Goldanskii et al., 1988) . Secondly, destruction of tryptophan and conversion of asparagine and glutamine to their respective acids, which occurs during the procedure, certainly lowers the informational value of the whole method.
The PVX coat protein polypeptide chain contained mainly four tryptic peptides accessible for tritium label incorporation ( Fig. 1 and Fig. 2 ). It is evident from Fig. 2 that the first t9 amino acid residues of the PVX coat protein N terminus (tryptic peptide TI) are the most accessible to tritium labelling. The label is also found in the amino acids of peptide T2 (residues 20 to 44), as well as in peptides T3 and T5, although to a smaller extent. This clearly implies that the N terminus of the PVX coat protein is exposed at the virus surface. We did not see any other extensively labelled sites of the protein except those mentioned above. However, some amino acid residues in peptides T11, T12 and T13 were exposed to the tritium label. This may be due to the labelling of residues that are distant in the polypeptide sequence but adjacent on the protein surface. It is also possible that tritium atoms, having a small Van der Waals' radius (approx. 0.1 nm) penetrate inside the virus through narrow inter-subunit channels, and interact with the innermost fragments of the virus. If this assumption is correct, such penetration of tritium into the virus particles should be accompanied by label incorporation in the viral RNA. PVX RNA was indeed labelled with 3H. Essentially the same result was obtained in the case of TMV studies by the same method (Goldanskii et al., 1988) .
The sequence analysis of peptide T3 revealed some differences from the nucleotide sequence data of Morozov et aL (1983) . More specifically, the amino acids at positions 46 and 64 were identified by us as being Ile and not Val. Nucleotide sequence comparisons between the PVX strain X3 (Huisman et al., 1988) and the South American strain, PVXc (Orman et al., 1990) showed that X3 has Ile at both positions, whereas PVXc has Ile at position 64, but Val at position 46. The C-terminal part of the PVX coat protein in the virus was practically inaccessible to tritium labelling (Fig. 2) . This indicates that the C terminus is buried within the virus. The earlier observations by Koenig et al. (1978) indicated that the protein subunits of PVX can be partially degraded in the intact virus at the N terminus by reducing agentdependent proteases in crude plant sap, and at the C terminus by reducing agent-independent proteases occurring in some virus preparations. Comparison of the predicted secondary structures of the coat proteins of the potexviruses potato X and papaya mosaic, and their comparison with the well known TMV structure allowed Sawyer et al. (1987) to predict that the N and C termini of the PVX coat protein lie at the large radius, towards the outside of the virus particle, as they do in TMV particles (Stubbs et al., 1977; Bloomer et al., 1978) . Shukla et al. (1988) have examined the effect of mild trypsin treatment on the particles of six distinct potyviruses, and have concluded that the N and C termini of the coat proteins are located on the surface. Moreover, based on the results with potyviruses, the authors postulated the possibility of common features of polypeptide folding and subunit packaging among rod-shaped plant viruses. According to our tritium bombardment data the N terminus of the PVX coat protein is readily available to tritium atoms, whereas the C terminus is not. The possibility exists that proteolytic cleavage at one terminus of the coat protein may induce a conformational change of the polypeptide chain, and open up new regions for the additional cleavages. This view is well in line with the earlier observations of Koenig et al. (1978) that fresh preparations of PVX may have lost the N terminus, but the C terminus is intact. Proteolysis of the latter occurs only during prolonged storage of PVX preparations and can be enhanced by completely digesting the N terminus (Golstein et al., 1990) . Our preliminary tritium bombardment data on PVX particles, lacking the N-terminal amino acids, also support this interpretation (data not shown).
Antigenic analysis of PVX by MAbs allowed Koenig & Torrance (1986) to find three different antigenic determinants on the capsid protein of the B strain of PVX. One determinant was located on the protruding N terminus of the capsid protein, and the second was outside it. The third determinant became exposed to MAbs only after some denaturation of the virus particles. Thus, these results support the view that the N terminus of the PVX coat protein is exposed at the particle surface. Earlier we obtained a panel of mouse MAbs against a Russian strain of PVX. The PVX capsid protein was cleaved by CNBr, and the reactions of the MAbs with the capsid protein fragments were studied by immunoblotting (S6ber et al., 1988) . Two of the MAbs bound to the 68 amino acid long N-terminal peptide of the PVX coat protein. This also indicated that the N terminus of the PVX coat protein is exposed at the virus surface and forms highly immunogenic antigenic determinants (S6-beret al., 1988; Radavsky et al., 1989) . We should note here that none of the 20 MAbs to PVX recognized the Cterminal region of the coat protein. Hydrolysis of the coat protein of PVX by protease V8 from S. aureus made it possible to obtain an N-terminal peptide, V8-1 (residues 1 to 56, Fig. 1 ), shorter than the CNBr fragment (residues 1 to 68), Both MAbs 21XD2 and 23XA5 bound to peptide V8-1 (Table 1 ). The observation, that tryptic fragments of peptide V8-1 do not react with both MAbs (Table 1 ) is in accordance with our earlier data demonstrating that modification of Lys (19) with citraconic anhydride blocks the reaction of the V8-1 fragment with MAbs 21XD2 and 23XA5 (Radavsky et al., 1989) . The final determination of the exact binding sites of MAbs 21XD2 and 23XA5 will be obtained only after synthetic peptides, modelling this site of the polypeptide chain, are synthesized and after their immunoanalysis with these MAbs.
In the absence of data on the complete antigenic characteristics of PVX we can not make a final conclusion about the significance of the data obtained with the aid of thermally activated tritium atoms for location of protein antigenic regions. Having a small radius, tritium atoms, figuratively speaking, 'see too much', but they do help to narrow the range to be searched. Fig. 2 shows the open regions of PVX, and the potential loci where continuous antigenic determinants are to be searched for. Taken together, our tritium bombardment data and MAb binding data support a spatial model of potato virus X where the N-terminal amino acids of the coat proteins are exposed to the particle surface and the C-terminal regions are practically inaccessible from the virus surface. The spatial organization of the potexvirus PVX coat protein in the virus particles differs from the model proposed for other filamentous plant viruses like potyviruses (Shukla et al., 1988) and the tobamovirus TMV (Stubbs et al., 1977; Bloomer et al., 1978) , where both the N and C termini of the capsid proteins are located on the particles' surface.
